Abstract: Photoperiodic sensitivity is one of the most important factors determining whether a crop can adapt to and be cultivated under a broad range of conditions. In common buckwheat (Fagopyrum esculentum Moench), flowering time (flowering of the first flower) is a complex trait influenced by photoperiod, light quality, and temperature, which change daily under natural conditions, and their interaction. Common buckwheat shows a large genetic variation because of the outcrossing reproductive strategy of this species. Thus, flowering time variation within a population reflects both environmental and genotypic variations, and accurate evaluation of photoperiodic sensitivity in common buckwheat requires cultivation under controlled environmental conditions. Here, we investigated photoperiodic sensitivity and its genetic diversity in two buckwheat cultivars, the autumn ecotype Miyazakizairai and the summer ecotype Botansoba, by controlling photoperiod during cultivation under the same temperature regime. Our results showed that (1) the summer ecotype consisted of early-flowering genotypes, including genotypes not found in the autumn ecotype; (2) the autumn ecotype consisted of various genotypes, including early-flowering genotypes and a large number of late-flowering genotypes not found in the summer ecotype; (3) the autumn ecotype showed larger genetic diversity than the summer ecotype in long-day treatments; and (4) genetic diversity first became evident in the 14.5-hr photoperiod in the autumn ecotype, and in the 15.0-hr photoperiod in the summer ecotype. These results support the hypothesis based on previous studies that common buckwheat summer ecotypes were derived from autumn ecotypes by adaptation to climate in northern Japan.
Common buckwheat (Fagopyrum esculentum Moench, 2n = 16) is cultivated throughout Japan, and its cultivars are classified into three ecotypes (autumn, intermediate, and summer ecotypes) according to their flowering time and yield under natural conditions. Common buckwheat is commonly considered a short-day plant. Namai (1990) reported the characters of each ecotype in Japan as follows: autumn ecotypes are grown in low-latitude regions, where the photoperiod is 11.0 to 13.5 hr during the cropping season from late August to early November, and their flowering is generally photoperiod-sensitive; summer ecotypes are grown in high-latitude regions, where the photoperiod is 13.5 to 15.5 hr during the cropping season from early June to late August, and they are generally photoperiod-insensitive; intermediate ecotypes show moderate photoperiodic sensitivity.
Many plants show very strict photoperiodic sensitivity. For example, Japanese basil (Perilla frutescens) and rice (Oryza sativa) are short-day plants that respond to a 15-min (Takimoto and Ikeda, 1961) and 30-min difference (Itoh et al., 2010) in photoperiod, respectively. Michiyama et al. (2005) suggested that common buckwheat responds to a 30-min difference in photoperiod. Although the relationship between light quality and flowering time is not clear in common buckwheat, flowering time is influenced by light quality (Reed et al., 1993; Delvin et al., 1998; Mockeler et al., 1999) . Furthermore, the flowering time of common buckwheat is influenced by temperature (Xu, 1938; Hao et al., 1994) . These findings suggest that flowering time in common buckwheat under natural conditions depends on both light (photoperiod and light quality) and temperature, which change daily during the cropping season. As a result, photoperiodic sensitivity cannot be accurately evaluated in common buckwheat merely by examining the flowering time of the plants sown at various times.
In previous studies on the photoperiodic sensitivity of common buckwheat (Onda and Takeuchi, 1942; Michiyama and Hayashi, 1998 ) the relationship between average photoperiod during a certain fixed period and the flowering time has been investigated. Therefore, to clarify the relationship between the flowering time and photoperiod and light quality, observations must be made under controlled temperature conditions and at a fixed photoperiod. Furthermore, analysis of photoperiodic sensitivity in common buckwheat is difficult because the genetic composition of buckwheat ecotypes is complex as a result of its outcrossing reproductive strategy. In general, a common buckwheat ecotype consists of various genotypes, and it can thus be expected to include various alleles related to photoperiodic sensitivity. Thus, the photoperiodic sensitivity of each plant might be different even in the same ecotype under the same environmental conditions. Therefore, to accurately evaluate photoperiodic sensitivity of common buckwheat ecotypes, it is necessary to observe many individuals under the same environmental conditions.
Under long-day conditions (photoperiod > 14.5 hr), common buckwheat ecotypes include both flowering and non-flowering individuals (Nagatomo, 1961) . Michiyama et al. (2005) reported that days-to-flowering (DTF) in the autumn cultivar Miyazakizairai sharply increases in response to the change in photoperiod from 14.0 to 14.5 hr. Therefore, in this study we considered that the critical photoperiod of common buckwheat is 14.0 to 14.5 hr and regarded 14.5 and longer photoperiod as long days. We then investigated the accuracy of evaluations of photoperiodic sensitivity under several long-day conditions.
In this study, we investigated the photoperiodic sensitivity of common buckwheat by examining the flowering time of in autumn and summer ecotypes grown under controlled environmental conditions (controlling photoperiod and light quality at the same temperature). Our study revealed important knowledge about the genetic diversity of photoperiodic sensitivity of common buckwheat, which enables this species to adapt to cultivation over a wide latitude range. We also examined the process by which summer ecotypes differentiated from autumn ecotypes.
Materials and Methods
We conducted experiments at the University of Tsukuba using the local common buckwheat cultivar in the Kyushu region, Miyazakizairai (called Autumn hereafter), an autumn ecotype that is not considered to be subject to selection by photoperiodic sensitivity, and a cultivar selected from local cultivars in the Hokkaido region, Botansoba (Summer hereafter), which is a summer ecotype considered to be selected by photoperiod (Fig. 1) . We divided each ecotype into four groups and subjected them to different photoperiodic treatments: a short-day treatment (photoperiod fixed at 12.0 hr) and three longday treatments (14.5, 15.0, and 15.5 hr) . To eliminate the effects of differences in natural light and temperature, the plants were cultivated in a growth cabinet (210 × 210 × 240 cm: L × W × H, NK system Co., Ltd. Osaka, Japan) in a dark room ( Fig. 2A) , and the temperature regime was set at 12/12 hr 25ºC/20ºC. The number sown differed with the treatment because of restrictions on the cultivation area: 60 seeds each of Autumn and Summer were sowed , color temperature: 6000 K, Mitsubishi Electric Corp., Tokyo, Japan) were used in each Summer, 'Botansoba'; n.f., non-flowering. The white and black arrowheads indicate the average days to flowering in Autumn and Summer, respectively.
(n = 131) (n = 134) growth cabinet ( Fig. 2A) . The planter boxes were placed randomly in the growth cabinet. Photoperiodic treatments were begun just after sowing. The plants were watered as needed to ensure that the soil remained sufficient soil moisture. Hagiwara et al. (1998) reported that flower bud differentiation in common buckwheat is delayed under a long-day (14.5 hr) condition compared with a short-day (8.0 hr) condition, and that this difference becomes more pronounced in the later growth stage. Thus, we investigated the photoperiodic sensitivity as follows: For each individual plant, we recorded the dates that of cotyledon unfolding and the first flower in each flower cluster on the main stem. We defined the number of days from the expansion of the cotyledons to the flowering of the first flower as DTF and used DTF to indicate the photoperiodic sensitivity of each individual. We observed the plants daily until 100 d after sowing, when plant height reached the height of the metal halide lamp (170 cm). We then classified those individuals that had not flowered within 100 d after sowing as non-flowering. To evaluate differences in photoperiodic sensitivity among the treatments and between the ecotypes, we compared the average DTF in each treatment by analysis of variance (ANOVA) and Tukey-Kramer tests, using JMP 6.0 software (SAS Institute Inc., Cary, NC, USA). We assessed differences in the frequency of non-flowering individuals between the 15.0-hr and 15.5-hr treatments using a c 2 test. The average DTF differed greatly depending on the treatment and ecotype. Therefore, we calculated the coefficient of variation to characterize the genetic diversity of photoperiodic sensitivity among the treatments and between the ecotypes.
Results
We examined the differences in the frequency distributions of DTF (Fig. 3) , the average DTF (Table 1) , and the coefficients of variation (Fig. 4) between the ecotypes and among the treatments.
In Autumn, the average DTF was 19.3 d under the shortday treatment (12.0 hr, Table 1 ). In the three long-day treatments (14.5, 15.0, and 15.5 hr), the average DTF was 34.7, 54.3 and 55.4 d, respectively (Table 1) . There were significant differences in the average DTF with the treatments, except between the 15.0-hr and 15.5-hr photoperiods (Tukey-Kramer test, Table 1 ) and the average DTF increased (i.e., flowering was delayed) as the photoperiod was prolonged.
In Autumn, the shortest and longest DTF were 17 and Fig. 3 ). In long-day treatments, Autumn showed larger genetic diversity (20.4% at 14.5 hr and 29.3% at 15.0 hr) than Summer (9.0% at 14.5 hr and 18.0% at 15.0 hr; Fig. 4 ). In addition, the genetic diversity first became evident at 14.5 hr in Autumn, and at 15.0 hr in Summer (Fig. 4) .
Discussion
We were able to accurately evaluate photoperiodic sensitivity and genetic diversity in two common buckwheat ecotypes by cultivating them under controlled environmental conditions (controlling photoperiod and light quality under the same temperature regime). From our results we gained important knowledge about the genetic diversity of photoperiodic sensitivity in common buckwheat that enables this species to adapt to cultivation over a wide latitude range. Moreover, the results suggested the process by which summer ecotypes differentiated from autumn ecotypes.
Previous studies (Onda and Takeuchi, 1942; Michiyama and Hayashi, 1998) , conducted under natural conditions, showed that the flowering time of common buckwheat is delayed by the lengthening of the photoperiod. Onda and Takeuchi (1942) and Michiyama and Hayashi (1998) also showed that the flowering time is delayed by a long photoperiod more in autumn than in summer ecotypes. The results of our experiment, conducted under controlled environmental conditions, strongly support the results of these previous studies: Autumn and Summer showed a delay in flowering (an increase in the average DTF) under longer photoperiods, and the difference in the average DTF between the photoperiodic treatments was larger in Autumn than Summer.
Summer and intermediate ecotypes were probably derived from autumn ecotypes by natural selection (Matano and Ujihara, 1979) . Namai (1986a, 1986b) suggested that the summer and intermediate ecotypes were selected by adaptation to the climatic conditions of northern Japan. Ohsawa (1997) also suggested that photoperiodic sensitivity is a key factor for this adaptation. In rice, the difference in the genetic variation was associated with the degree of selection pressure; stronger selection pressure leading to decreased variance (Kikuchi, 1979) . These considerations led us to hypothesize that autumn ecotypes have greater genetic diversity with regard to photoperiodic sensitivity than summer ecotypes. Our results show that Autumn consisted of more varied genotypes than Summer: Autumn included early-flowering genotypes and late-flowering genotypes not found in Summer and a higher frequency of non-flowering individuals. These results clearly show that Autumn consisted of individuals with more varied photoperiodic sensitivity (i.e., various short-day requirement) than 22 d, respectively, under the short-day treatment (12.0 hr, Fig. 3 Fig. 3 and Table 1 ). Six individuals (5.2%) in the 15.0-hr treatment and 32 individuals (38.0%) in the 15.5-hr treatment were non-flowering (Table 1) . The difference was significant (c 2 test). The coefficient of variation under the short-day treatment was 6.7% (Fig. 4) , and that in 14.5 and 15.0 hr was 20.4% and 29.3%, respectively. Thus, genetic diversity was manifest in the 14.5-hr and longer photoperiod. These results show that in Autumn, the longer the photoperiod, the greater the DTF (i.e., flowering was delayed); the underlying genetic diversity in DTF within the ecotype was more obvious, and non-flowering individuals became more frequent under a longer photoperiod.
In Summer, the average DTF was 18.4 d under the shortday treatment (12.0 hr, Table 1 ), and it also increased with prolonging photoperiod up to 15.0 hr, but not with further prolongation from 15.0 to 15.5 hr (Table 1) .
In Summer individuals the DTF in a 12-hr photoperiod was between 17 and 21 d, but the frequency distribution range of DTF increased with prolonging photoperiod (14. Table 1 ). Two individuals (1.9%) in the 15.0-hr treatment and six individuals (7.8%) in the 15.5-hr treatment were non-flowering (Table 1 ), but this difference was not significant (c 2 test). The coefficient of variation under the short-day treatment was 5.2% (Fig. 4) , and the coefficients of variation under the long-day treatments were 9.0% (14.5 hr), 18.0% (15.0 hr), and 26.2% (15.5 hr). Thus, genetic diversity was manifested in the 15.0-hr photoperiod, and was more obvious in a longer photoperiod. Thus, in Summer, DTF increased the longer the photoperiod, and the underlying genetic diversity in DTF was observed within the ecotype.
The (Table  1 ). In the long-day treatments (14.5 hr and longer photoperiod), the average DTF in Autumn was significantly different from that in Summer. Also, the difference in DTF between treatments was larger in Autumn than in Summer (Table 1 ). In the long-day treatments, especially in 15.0 and 15.5 hr photoperiods, Summer included earlyflowering genotypes, in which DTF was 20 -24 d at 15.0 hr and at 20 -29 d at 15.5 hr, which were not found in Autumn (Fig. 3) . On the other hand, Autumn consisted of more various genotypes: from early-to late-flowering genotypes including individuals that flowered in 55 -94 d at 15.0 hr and 60 -94 d at 15.5 hr, which were not found in Summer. Moreover, the frequency of non-flowering individuals (5.2% in 15.0 hr and 32.0% at 15.5 hr) was hr ≒ 15.0 hr ≒ 15.5 hr. A: In the short-day treatment (12.0 hr), all short-day requirement genotypes in the autumn ecotype flower at about the same time, so the phenotypic variation is low. In the long-day treatments (14.5, 15.0, and 15.5 hr), differences in the flowering times among the genotypes are apparent. As the photoperiod becomes longer, as it does at more northern latitudes in Japan, the autumn ecotype would be subjected to selection. After natural and artificial selection, first, the genotype for late flowering when the photoperiod is more than 12.0 hr is eliminated from the population (a), then, the genotype for late flowering when the photoperiod is more than 14.5 hr is eliminated (b), and finally, the genotype for late flowering when the photoperiod is more than 15.0 hr is eliminated (c). B: When selected genotype group (a), which was selected by the 14.5-hr treatment (Fig. 5A) , is cultivated under each photoperiod, the level of phenotypic diversity is revealed under photoperiods of more than 14.5 hr and is comparable under photoperiods of less than 14.5 hr; when selected genotype group (b), which was selected by the 15.0-hr treatment (Fig. 5A ), is cultivated under each photoperiod, the phenotypic diversity becomes higher at photoperiods of longer than 15.0 hr and is comparable at photoperiods of 15.0 hr or less; when selected genotype group (c), which was selected by the 15.5-hr treatment (Fig. 5A) , is cultivated under each photoperiod, the phenotypic diversity is comparable at all photoperiods. : Genotype with early flowering in any photoperiod. : Genotype with late flowering when the photoperiod is longer than 15.0 hr. : Genotype with late flowering when the photoperiod is longer than 14.5 hr. : Genotype with late flowering when the photoperiod is longer than 12.0 hr. P.D.: Phenotypic diversity, (a) 12.0hr ≒ 14.5hr < 15.0hr < 15.5hr, (b) 12.0hr ≒ 14.5hr ≒ 15.0hr < 15.5hr, (c) 12.0hr ≒ 14.5hr ≒ 15.0hr ≒ 15.5hr A: In the short-day treatment (12 0 hr) all short-day requirement genotypes in the autumn ecotype flower at about the same B: When selected genotype group (a), which was selected by the 14.5-hr treatment (Fig. 5 panel A In the short-day treatment (12.0 hr), all short-day requirement genotypes in the autumn ecotype flower at about the same time, so the phenotypic variation is low. In the long-day treatments (14.5, 15.0, and 15.5 hr), differences in the flowering times among the genotypes are apparent. As the photoperiod becomes longer, as it does at more northern latitudes in Japan, the autumn ecotype genotypes would be subjected to selection. After natural and artificial selection, first, the genotype for late flowering when the photoperiod is more than 12.0 hr is eliminated from the population (a), then, the genotype for late flowering when the photoperiod is more than 14.5 hr is eliminated (b), and finally, the genotype for late flowering when the photoperiod is more than 15.0 hr is eliminated (c).
photoperiod, the level of genetic diversity is revealed under photoperiods of more than 14.5 hr and is comparable under photoperiods of less than 14.5 hr; when selected genotype group (b), which was selected by the 15.0-hr treatment (panel Fig.  5A ), is cultivated under each photoperiod, the phenotypic diversity becomes higher at photoperiods of longer than 15.0 hr and is comparable at photoperiods of 15.0 hr or less; when selected genotype group (c), which was selected by the 15.5-hr treatment (panel Fig. 5A ), is cultivated under each photoperiod, the phenotypic diversity is comparable at all photoperiods.
